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ABSTRACT
In this study, epilayers of packaged indium gallium nitride light emitting diodes (LED’s) are characterized by optical beam
induced current (OBIC) and photoluminescence laser scanning microscopy through two-photon excitation. OBIC reveals
spatial and electrical characteristics of LED’s which can not be distinguished by photoluminescence. When compared with
single-photon OBIC, two-photon OBIC imaging not only exhibits superior image quality but also reveals more clearly the
characteristics of the epilayers that are being focused on. The uniformity of these LED’s OBIC images can also be related to
their light emitting efficiency.
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1. INTRODUCTION

Optical beam induced current (OBIC) imaging is widely applied in the characterization of semiconductor based devices and
integrated circuits, for instance, in failure analysis'>. Conventionally, OBIC is performed through carrier generation by
single -photon absorption. It has been shown that the effective point spread function (PSF) needs to be modified to account
for the exponentially decaying optical field inside the material as a result of strong absorption®. When compared with
photoluminescence imaging, OBIC imaging has the advantages of observing features that are more directly related to the
electrical characteristics of semiconductor devices. The OBIC imaging of semiconductor devices has to meet the seemly
contradictory conditions in that (a) the substrate or overlayers do not absorb or scatter the illuminating light strongly and (b)
the photo-excited carriers are efficiently generated in the active layer. These requirements can be met if OBIC is performed
with two—ghoton excitation® that employs wavelengths that are less than the bandgap photon energy, as demonstrated by Xu
and Denk’. In this way absorption and scattering in the overlayers and substrate can be greatly reduced while carriers are
effectively generated in the active layer.

In this report, we apply the two-photon OBIC technique to investigate indium gallium nitride (InGaN) based light emitting
diodes (LED’s) that have found wide spread applications in optoelectronics °. InGaN is considered to be the most important
compound semiconductor among II-V nitride compounds because the InGaN enables light emitting through efficient
carrier recombination’. One can obtain strong band-to-band emission from the green to the UV by varying the In content of
InGaN. InGaN based LED’s exhibit high external quantum efficiency and brightness and are the most viable blue LED’s

currently in use. It has been proposed that the emission is related to the presence of deep localized energy states that may
originate from the In-rich regions which act as quantum dots!®™. However, the intensity distribution of LED’s can exhibit
poor spatial uniformity in active region, as can be seen under a microscope when LED’s are forward biased. This poor

spatial uniformity is associated with the fluctuation in In concentration and with the localized defects such as deficiency of
nitrogen atoms in the lattice and threading dislocations. Imperfection in the electrodes would also affect the spatial
uniformity of LED’s.

We have found that two-photon excitation is effective in penetrating the packaging as well as the overlayers, such as p-
doped GaN layers, or an n-doped GaN layer and sapphire substrate, if the laser beam is incident from the substrate side. The
loss in two-photon excitation that is due to absorption and scattering is greatly reduced when compared with the loss in
single-photon excitation. Absorption correction to the optical ficld inside the material is then not necessary*>. In addition,
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the effect of spherical aberration when laser beam penetrates LED’s plastic packaging is also reduced as a result of
employing a longer wavelength. Therefore, two-photon OBIC imaging not only exhibits superior image quality but also
reveals more clearly the characteristics of the epilayers focused on.

2. EXPERIMENTAL SETUP
2.1 Two-photon laser scanning microscopy
An inverted microscope and a galvano-mirror-based scanning system (Fluoview-1X70, Oly mpus) form the imaging platform.
A mode-locked Ti:sapphire pulse laser (Tsunami, Spectra-Physics) pumped by a frequency doubled solid state laser
(Millennia, Spectra-Physics) provides laser pulses of approximately 150 fs at 760 nm and 82 MHz for two -photon excitation,
which is equivalent to 380 nm in excitation energy. A 740nm dichroic beam splitter is installed in the excitation path of the
scanning unit to accommodate the coupling of the ultrafast laser pulses into the confocal microscope. The 488 nm line of a
Kr-Ar laser is employed when single photon excitation is performed.

To avoid exceeding the response speed (10 KHz) of the current amplifier, the samples are scanned at a very slow rate of 157
sec/frame (150us dwell time/pixel) at 1024x1024 pixels. A 40X (numerical aperture, 0.65) long working distance objective
is employed for image acquisition. At focal point, the average power measured was 10 mW, therefore, the average energy
exerted on the specimen for each pixel is approximately 1.5 (obtained by 150us X 10 mW). On the other hand,
considering the laser operating at 82 MHz with 150 fs pulse, when a NA=0.65 objective lens was used, the average and peak
power densities at the focal point approximate 5x10°W/cm® and 4x10'® W/cm?, respectively. We employ a very sensitive
current amplifier (EG&G, model 181) of transimpedance as high as 10° V/A for photocurrent (PC) detection.

The total irradiated area is approximately 300pum x 300um. The detected signal would correspond to photocurrent of a few
nano-amperes. The two input channels in the scanning system detect the photoluminescence (PL) and the PC concurrently.
The images are then reconstructed from the signals as a function of beam position. A schematic of this setup is shown in Fig.
1.
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Figure 1. Schematics of the two-photon optical beam induced current and photoluminescence imaging system. The two
input channels allow simultaneous acquisition of photocurrent and photoluminescence images.

2.2 InGaN LED’s
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The epilayers of GaN and InGaN are grown on top of a sapphire substrate. Since sapphire substrate is non-conducting, the
two electrodes must be attached in the front side. There are two different brands of blue InGaN LED’s being investigated in
this study. One (Fig.2, LED A) has higher efficiency than the other (Fig. 2, LED B), as shown in their corresponding
electro-luminescence spectra. Under the same driving current (0.5 mA), diode A emits brighter electro -luminescence than
diode B. The diode samples observed are commercially available and have electro-luminescence that peaked around 475 nm
with full width at half maximum (FWHM) bandwidth 35 nm, as shown in Fig. 2. Thinning, grinding, and polishing the
packaging of the diodes allow direct observation and exctation under a microscope. We employ bandpass filters to select
specific spectral bands for luminescence imaging.
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Figure 2. Electro-luminescence spectra of two different InGaN LED’s.
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3. RESULTS

Figures 3(a) and 3(b) show the power dependence of the PC signals from diode A and B, respectively. As expected for two -
photon excitation, the slope values of 2.12 and 1.9 indicates the square dependence of such a nonlinear process.
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Figure 3. Photocurrent magnitude as a function of incident laser power for diode A(a) and B (b), respectively. The slope
values are closed to 2, indicating two-photon excitation process is involved.

Two-photon PC and PL images of diode A are presented in Figs. 4(a) and 4(b), respectively. For comparison, the two-photon
PC and PL images of diode B are presented in Figs. 4(c) and 4(d). The two electrodes are clearly shown in the PC images as
one circular and one square dark region. They appear dark since there is no carrier generated underneath. The thin
metallization layer is identified as the darker gray area that covers most of the active region shown in the PC image, whereas
the bright strip in the edge shows the active region without thin metallization. In confocal PL imaging, fluorescence from the




epilayers cannot be discriminated against that from the sapphire substrate spatially since the epilayers are thinner than the
width of PSF in zaxis. In contrast, PC imaging would only detect a signal as a result of photocarrier generation. When
compared with PL imaging, PC imaging has the advantages of being more specific and related to the diodes’ electrical
properties.
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Figure 4. PC and PL images from diode A and diode B. (a) and (b) are two-photon PC and PL images from diode A,
respectively. (c) and (d) are two-photon PC and PL images from diode B, respectively. In both (b) and (d) a bandpass filter
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centered at 450 nm with 50 nm bandwidth is used in acquiring PL images. For comparison, one-photon PC image of diode B is

shown in (e).

The most pronounced features in the PC image are the bright spots spread over the LED’s in Fig. 4(c), which are a result of
local variation in carrier transportation or generation efficiency. These spots have sizes ranging from 5 pm to less than the
resolution of the objective used in our optical system, which is approximately 1.3 um. The spots are similar to what have
been observed in micro-spectroscopy of cathodoluminescence in InGaN quantum well devices 12 Spots can also be found in
the PL image, Fig. 4(d), which is acquired with a band pass filter of central wavelength 450 nm and bandwidth 50 nm.
These spots do overlap with those found in the PC image, indicating that PC and PL have similar origin. However, the
contrast in the PL image is less pronounced. According to Nakamura and co-workers 104 fluctuation in the In concentration
will generate localized deep levels that greatly facilitate carrier recombination, and possibly carrier generation. Therefore
PC may be a more sensitive indicator than PL in detecting local variation in the active region. For comparison, Diode A did
not exhibit the spots as in Diode B, as shown in Figure 4 (a) and 4 (b). The advantage of two-photon excitation is further
clarified by comparing the PC image obtained through single photon excitation shown in Fig. 4(e). The 488 nm line of an
argon-krypton mixed gas laser is employed for single photon excitation. The image appears blurred with reduced contrast
and no detailed features can be observed.
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Figure 5. PC (a) and PL (b) images from an unpackaged diode with heavy indium doping.

To observe the effects of heavy indium doping, the PC and PL images of an unpackaged InGaN diode are shown in Fig. 5(a)
and (b), respectively. The color of electro-luminescence from this diode is green. In contrast with PC images shown in Fig.
4, there is PC signal coming out of one of the electrodes, as shown in Fig. 5(a). Unlike a packaged diode in which scanning
beam must irradiate from the side of electrodes, in this case the scanning laser beam can penetrates the sapphire substrate
during imaging. The weaker magnitude of PC signal within the circular electrode indicates that there is an insulation layer
under the electrode to homogenize the current distribution over the diode. High indium concentration was expected to
gencrate greater inhomogeneity within the active layer and this inhomogeneity is manifested in Fig. 5.

4. DISCUSSION

4.1 Two-photon excitation

Optically the advantages of two-photon OBIC over single-photon OBIC can be summarized as (1) deeper penetration, (2)
less distortion to field distribution or PSF, and (3) less spherical aberration'®. Absorption in the top epilayer can be
minimized by using a excitation wavelength that is below bandgap photon energy. Deeper penetration would then result
because of reduced absorption. Regarding the image formation of OBIC, detailed model for lphoton OBIC has been
developed by Wilson er aI*’, in which a semi-infinite piece of semiconductior is considered. Within the model, a specific
PSF that takes into account substrate absorption is introduced. It is found that the resolution is not limited by the carrier
diffusion length and the optimum focus position in terms of the maximum number of carriers generated is a few optical
units below the surface. In the case of single-photon OBIC, it would then be more difficult to perform conventional
deconvolution calculation to improve image quality since the PSF is distorted as a result of absorption. In contrast, two-




photon OBIC would open the possibility for image deconvolution. The reduction of spherical aberration is expected since
the magnitude of it is proportional to the path length difference in the optical imaging system and inversely proportional to

AL
wavelength, i.e. AgQoc 7 Employing a longer wavelength would naturally result in smaller spherical aberration.

However, two-photon OBIC may present the following problems. Most significantly, at high excitation intensity, multi-
photon effects may damage the LED’s.

4.2 InGaN LED’s

Efficient light emission of a blue LED is related to deep localized energy states formed in the In-rich regions acting as
quantum dots in the InGaN layer. These states may also be the origin of photocurrent. Since the direct band gap (~3.4 eV) of
intrinsic GaN is much higher than that of InGaN, it is less probable that the wavelength we used would excite carriers over

GaN’s band gap. According to Nakamura and Faso £, though the PL spectra of p-doped GaN and InGaN overlap each other,
the PL intensity from InGaN is higher by more than an order of magnitude. It is likely that most photo-generated carriers are
generated in the InGaN layer. In OBIC, the detected signal can be regarded as the convolution of carrier generation and
transportation to the electrodes. Owing to the LED’s planar structure and the relatively low resistance in the p-dope and n-
doped layers, the overall carrier transportation efficiency should present little variation over the LED’s plane. Therefore, the

spots observed in Fig. 4(a) may reflect local variation of carrier generation efficiency in the active layer. This variation may
also be caused by changes in indium compositions. The higher contrast in the PC image than the PL image indicates that PC
is more sensitive to local variation in carrier generation. For the two InGaN light emitting diodes. Their light emitting

quality and efficiency are reflected in the PC images. In particular, as indium concentration increases, the inhomogeneity

observed in the active layer also increases.

5. CONCLUSIONS
In conclusion, we have demonstrated the characterization of the InGaN based LED’s through two -photon OBIC laser
scanning microscopy'6. However, one needs to be careful about damages induced by nonlinear optical excitation. Compared
with single -photon excitation, two-photon excitation clearly exhibits better spatial resolution and reveals some interesting
features not found before. Optoelectronic devices are of multilayered heterostructure with active layers buried in the middle.
Two-photon excitation is more effective than one-photon excitation in reaching the active layers of these devices.
Specifically, PC is more sensitive and specific than PL in showing their characteristics.

ACKNOWLEDGEMENT
We gratefully acknowledge support of this research by the National Science Council of Taiwan under Grant NSC89-2112-
M-110-016 and NSC-89-2216-E-110-003 and by the Academic Excellence Program of the Ministry of Education (89-B-

FA08-1-4). We are also indebted to Yuan-Li Optical Co. for strong technical supports in providing numerous optical
components.

REFERENCES

T. Wilson and C.J.R. Sheppard, Theory and Practice of Scanning Optical Microscopy, Academic, New York, (1984).

2. B.P. Richards and P.K. Footner, The Role of Microscopy in Semiconductor Failure Analys, Oxford University Press,
New York, 1992.

3.  H. Komoda and K. Shimizu, “Optical beam induced current techniques for failure analysis of very large scale
integrated circuits devices”, Jpn. J. Appl. Phys. 33, pp. 3393-3401, 19%4.

4. T. Wilson and EM. McCabe, “Distribution of charge carriers generated in a semiconductor by a focused convergent
light beam”, J. Appl. Phys. 59, pp. 2638-2642, 1986.

5. T. Wilson and E.M. McCabe, “Theory of optical beam induced current images of defects in semiconductor”, J. Appl.
Phys. 61, pp. 191-195, 1987.

6. W. Denk, JL.H. Strickler, and W.W. Webb, “Two-Photon Laser Scanning Fluorescence Microscopy”, Science 248, pp.
73-76, 1990.

7. C.Xu and W. Denk, “Two-photon optical beam induced current imaging through the backside of integrated circuits”,
Appl. Phys. Lett. 71, pp. 2578-2580, 1997.

8. S.Nakamura and G. Fasol, The Blue Laser Diode, Springer-Verlag, Berlin, 1997.

[y




98

10.

11.

12.

13.

14.

15.
16.

S. Nakamura, “The Roles of Structural Imperfections in InGaN-Based Blue Light-Emitting Diodes and Laser Diodes”,
Science 281, pp. 956-961, 1998.

S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, “Spontaneous emission of localized excitons in InGaN single and
multiquantum well structures”, Appl. Phys. Lett. 69, pp. 4188-4190, 1997.

S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, “Luminescence from localized states in InGaN epilayers”, Appl.
Phys. Lett. 70, pp. 2822-2824, 1997.

S. Chichibu, K. Wada, and S. Nakamura, “Spatially resolved catho doluminescence spectra of InGaN quantum wells”,
Appl. Phys. Lett. 71, pp. 2346-2348, 1997.

Y. Narukawa, Y. Kawakami, M. Funato, Sz. Fuyjita, Sg. Fujita, and S. Nakamura, “Role of self-formed InGaN quantum
dots for exciton localization in the purple laser diode emitting at 420nm”, Appl. Phys. Lett. 70, pp. 981-983, 1997.

Y. Narukawa, Y. Kawakami, Sz. Fujita, Sg. Fujita, and S. Nakamura, “Recombination dynamics of localized excitons
in Ing 20Gag soN- Ing o5sGag 95N multiple quantum wells”, Phys. Rev. B 55, pp. R1938-R1941, 1997.

M. Gu, Three dimensional confocal microscopy, World Scientific, Singapore, 1996.

F. Kao et al,” Two -photon optical beam induced current imaging of indium gallium nitride light emitting diodes”, Opt.
Lett., 24, pp. 1407-1409, 1999.




